INTRODUCTION 50
The oomycete class comprises a large number of eukaryotic saprobes and parasites that are 51 widely distributed worldwide. Some of these microbial species have an important 52 environmental and economic impact as pathogens of plants or animals, in both natural 53 habitats and industrial cultures. Typical examples are the plant pathogen Phytophthora 54 infestans responsible for the late blight disease in potato (1) and the salmonid pathogen 55
Saprolegnia parasitica (2). Annual losses in the agriculture and aquaculture industries due to 56 pathogenic oomycetes represent tens of billions of dollars globally (3, 4). 57
Although oomycetes grow in a vegetative mycelial form as true fungi, they are 58 classified in a completely different taxonomic group, the Stramenopiles, together with 59 diatoms and brown algae (5). Oomycetes and fungi can be biochemically distinguished by 60 their cell wall polysaccharide composition. As opposed to fungi, which contain chitin as a cell 61 wall scaffold, oomycetes are classically described as containing no or very little amounts 62 (<1%) of this carbohydrate. Instead, cellulose occurs in oomycetes together with a high 63 proportion of other β-glucans (6-9). This distinction between fungal and oomycete cell walls 64 was established in the 1960's and 1970's based on techniques of limited analytical 65 performance such as paper chromatography. In addition, this pioneering work was restricted 66 to a few species only, thereby providing limited information on the diversity of cell wall 67 composition across different oomycete orders. Since then, and as opposed to the extracellular 68 matrices of true fungi, oomycete cell walls have been understudied and their fine composition 69 and structure remain elusive. 70
Microbial cell walls are vital for the pathogens and thus represent an interesting target 71 for disease control. This is illustrated by the case of pathogenic fungi, for instance Candida 72 albicans, in which 1,3-β-glucan biosynthesis can be specifically blocked by drugs from the 73 echinocandin family (10), thereby leading to cell death. In addition, our group has recently 74 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from 7 water and immediately frozen in liquid nitrogen. The cells were disrupted in liquid nitrogen 150 using a mortar and pestle. The resulting fine powders were subjected to 3 consecutive 151 extractions of 6, 12 and 8 h in 70% (v/v) ethanol. The ethanol-insoluble materials recovered 152 after each step were concentrated by centrifugation at 4000 g for 10 min at 4ºC. The 153 suspensions were then successively filtered through glass-fibre filters (GF/A, Whatman), 154 washed 6 times with 70% ethanol, 6 times with acetone and dried under vacuum (Speed-Vac 155 Plus, Savant) at room temperature. Proteins in the resulting alcohol-insoluble residues (AIR) 156 were removed by heating the samples at 80ºC for 10 min in a 50 mM Tris-HCl buffer pH 7.8 157 containing 2% (w/v) sodium dodecyl sulfate (SDS), 40 mM 2-mercaptoethanol and 10 mM 158
EDTA. This extraction step was repeated 3 times and the remaining suspensions were filtered 159 through glass-fibre filters, as described above. The residues recovered after final washes in 160 70% ethanol and acetone, as above, corresponded to the purified cell walls. The latter were 161 dried under vacuum and fractionated into alkali-soluble (ASF) and alkali-insoluble (AIF) 162 fractions. For this purpose, the cell walls were resuspended in 80% (v/v) methanol containing 163 5% (w/v) KOH and 0.1% (w/v) NaBH 4 . After each of 3 consecutive treatments of 15 min at 164 100ºC in this solution, the ASF and AIF samples from each strain were recovered by 165 centrifugation at 5000 g for 10 min and pooled. The AIFs were washed 3 times with 0.5 M 166 acetic acid and water. The first wash was pooled with the corresponding ASF and the pH was 167 adjusted to 6.0 using glacial acetic acid. The ASF and AIF samples were freeze-dried after a 168 dialysis step (Spectra/Por MWCO 3500 Daltons, Spectrum Laboratories) against deionized 169 water to remove solutes of a small molecular mass (the dialysis tubings were thoroughly 170 washed before use to eliminate any contaminants potentially associated to the membranes). 171
The presence of glycogen/starch-like polymers in the samples was ruled out by performing 172 carbohydrate analyses at different steps of the fractionation procedure, before and after 173 enzymatic hydrolysis in the presence of amylases (24). Since identical total sugar and 174 The temperature programme increased from 180ºC to 230ºC at a rate of 1.5ºC min -1 . 186
Determination of uronic acid contents was performed on the TFA hydrolysates by 187 high-performance anion-exchange chromatography on a CarboPac PA-10 anion exchange 188 column (4.6 x 250 mm; Dionex) using a pulsed amperometric detector (HPAEC-PAD; 189 Dionex ICS 3000 system). Monosaccharides were eluted at 1 mL min -1 using a linear saline 190 gradient: 100 mM NaOH to 100 mM NaOH/300 mM sodium acetate over 20 min. Peronosporales (Fig. 3 and 4 ) (see Table 1 for a list of abbreviations used for 226 monosaccharides and the corresponding permethylated alditol acetate derivatives). With the 227 exception of A. euteiches, which exhibited a particularly high GlcNAc content in both the AIF 228 (~12%) and the ASF (~5%), all other Saprolegniales contained 2.5-7% GlcNAc in the AIF 229 and no more than 1.6% of the monosaccharide in the ASF (Fig. 3A and 4A) . 230
The types of linkages present in the Saprolegniales GlcNAc-based carbohydrates were 231 determined by methylation analysis (GC/EI-MS) ( Fig. 3B and 4B ). The AIF of all species 232 contained 1,4-linked GlcNAc residues, pointing to the occurrence of chitin-like 233 polysaccharides (Fig. 3B) . Interestingly, as opposed to all other species analysed, the AIF and 234
ASF from the cell wall of A. euteiches contained 1,6-linked GlcNAc. This type of residues 235 has never been reported in any other eukaryotic micro-organism. Its occurrence was 236 evidenced by a specific retention time on the gas chromatogram ( Although all Saprolegniales species contained GlcNAc residues in their ASF (Fig.  242 4A), no corresponding permethylated alditol acetates were detected after methylation analysis 243 of these fractions, except in the case of A. euteiches (Fig. 4B ). This is due to the originally 244 low GlcNAc content (≤ 1.6%) of these fractions (Fig. 4A ) and the detection limit of the 245 method, which is of ~1%. 1,4-Linked (7%) and 1,6-linked (1.5%) GlcNAc residues, together 246 with t-GlcNAc (3.2%), were present in the AIF from A. euteiches, whereas 1,4-linked 247 residues (2.2 to 6.9%) and traces only of t-GlcNAc were observed in the corresponding 248 fractions from the other Saprolegniales. Altogether, these observations point toward a lower 249 (Fig. 6) . It is only when the residual material obtained after TFA 256 hydrolysis was subjected to further acid hydrolysis with HCl (6 M, 16 h at 100°C) that 257 additional GlcNAc was released from the AIF samples (Fig. 6 ). The cell walls of A. euteiches 258 and S. parasitica exhibited the highest proportion of TFA-extractable GlcNAc (73 and 63%, 259 respectively) whereas S. anisospora and S. monoica showed the opposite trend, i.e. the lowest 260 percentage of TFA-sensitive GlcNAc-based carbohydrates in AIF (25 and 34%, respectively). 261
These differences most likely reflect the occurrence of various structural forms of GlcNAc-262 based carbohydrates in different species. 263
Analysis of cell wall glucans. The lack of GlcNAc in the AIF isolated from the walls 264 of Peronosporales species was counterbalanced by a higher glucose content (Fig. 3A) . Indeed, 265 in the case of P. parasitica and P. infestans, the AIF consisted of 99% glucose (Fig. 3A) , 266 ~50% of which was 1,4-linked and most likely arising from cellulose (Fig. 3B) . Interestingly, 267
A. euteiches was the only Saprolegniales for which a similar proportion of cellulose (46%) 268 was measured in AIF, whereas the samples from all other species contained more of this 269 insoluble polymer (63 to 82% of the AIF) (Fig. 3B) . The lower cellulose content in A. 270 euteiches and the Peronosporales was counterbalanced by a higher proportion of glucans 271 containing 1,3-and 1,3,6-linked glucosyl residues (Fig. 3B) . In addition, the Peronosporales 272 and, to a much lesser extent A. euteiches, exhibited the highest proportion of t-Glc residues. 273
Altogether, these data show that the AIF from A. euteiches and the Peronosporales contain a 274 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from higher amount of 1,3-glucans whose degree of branching at the 6-position is higher than in the 275 other species. Furthermore, since cellulose is typically known to exhibit a high degree of 276 polymerization (> 100) and since the sensitivity of the GC/MS method is of ~1%, it can be 277 assumed that most of the t-Glc detected in AIF arises from 1,3-glucans. In this case, the 278 higher t-Glc abundance in the Peronosporales is indicative of a lower degree of 279 polymerization of the 1,3-glucans compared to the other species. The AIF samples from A. Analyses of the glucan content of the ASF samples revealed that 1,3-glucans are the 287 most abundant alkali-soluble glucans in all species (Fig. 4) . However, as opposed to 288 Saprolegniales, Peronosporales are characterized by a lower proportion of 1,3-; 1,6-and 1,4-289 linked glucosyl residues but a higher content of 1,3,6-linked glucose (Fig. 4B ). This suggests 290 the occurrence of a higher number of 6-branching points in the 1,3-glucans of the 291 Peronosporales. Furthermore, as opposed to the AIF, the glucans in the Peronosporales ASF 292 are devoid of 1,3,4-linked glucosyl residues. The ASF from all species analysed contain 1,4-293 linked glucose, but the proportion of these residues is 48 to 80% lower in the Peronosporales 294 (Fig. 4B) . 295 Interestingly, the ASF from the 4 species that belong to the Saprolegnia genus (S. 296 anisospora, S. ferax, S. parasitica and S. monoica) exhibit a higher proportion of 1,6-linked 297 glucosyl residues (2 to 9 fold increase) compared to the other Saprolegniales species and the 298 Peronosporales (Fig. 4B) . Apart from S. monoica, the other 3 members of the Saprolegnia 299 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from 13 genus are characterized by a lower content of 1,3-linked glucosyl residues than the other 300 Saprolegniales species (Fig. 4B) . 301
Peronosporales species exhibit a specific alkali-soluble carbohydrate profile. A 302 clear distinction between Saprolegniales and Peronosporales is the composition of their ASF. 303
Indeed, in addition to a marked lower glucan content, the Peronosporales ASF samples are 304 characterized by a much higher proportion of Man (4 to 20 fold increase) than their 305
Saprolegniales counterpart (Fig. 4A) . In the ASF samples from all species, the 1,4-linked Man 306 residues are quantitatively dominant, but only slightly more than the t-Man (Fig. 4B ). This 307
indicates that the chain length of the oomycete mannans is no longer than a few residues. In 308 some species only (A. euteiches, S. ferax and S. parasitica), traces of 1,2-linked Man were 309 detected (Fig. 4B) . All species also contained minor amounts of Xyl and Gal residues (Fig.  310   4A ). Due to the low abundance of these monosaccharides, only 1,4-linked Xyl (not shown) 311 and 1,3-linked Gal (Fig. 4B) could be detected and unequivocally identified during 312 methylation analysis. 313
Another distinguishing feature of the Peronosporales ASF samples is the occurrence of 314 glucuronic acid (GlcA). While the Saprolegniales cell walls are devoid of such residues, the 315 Peronosporales contain up to 15.7% GlcA (Fig. 4A) . However, the type of glycosidic bond 316 linking GlcA could not be determined because the corresponding carbohydrate chains are 317 typically degraded by β-elimination in the type of alkali-based extraction and methylation 318 procedures we have used (29). 319 320 DISCUSSION 321
Pioneering work on oomycetes revealed that the cell walls of this class of microorganisms 322 consist essentially of 1,3-β-and 1,6-β-glucans (7-9). As opposed to true fungi, whose cell 323 walls are devoid of cellulose, oomycetes have been historically described as containing a 324 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from 14 rather low proportion of cellulose (4-20%) but no chitin (6-8, 30). It is only in later work that 325 some species have been shown to contain minor amounts of chitin (<0.5%) or up to 10% of 326 other GlcNAc-based carbohydrates (16, 31, 32) . From these data, a general concept has 327 emerged that all oomycete cell walls are similar. It should be kept in mind, however, that the 328 information available is restricted to a limited number of species and based in many instances 329 on data obtained from global or superficial analytical methods with rather poor resolution. For 330 this reason, even in the case of Phytophthora species, which have been the most studied (6, 331 33, 34), knowledge on cell wall composition is still elusive. There is therefore a need to 332 revisit the composition of the cell walls of the most studied species and to extend these 333 investigations to a larger group of micro-organisms to identify order or species-specific 334 structural features. This knowledge can be exploited for uncovering new enzymes involved in 335 the biosynthesis of specific cell wall carbohydrates and the formation of stabilizing cross-336 links between structural polymers. With this information, new molecular approaches targeting 337 cell wall stability may be devised for disease control. 338
The primary objective of our work was to gain further insight into the cell wall 339 structure of important oomycetes, including some vertebrate and plant pathogens. Man has previously been reported in the cell wall of P. parasitica and Phytophthora 367 cinnamomi, but the amount reported did not exceed 0.6% of the cell walls (33). It is 368 noteworthy that in the latter case the alkali-soluble fraction was discarded. Therefore, the 369 mannose content reported was underestimated compared to our work. 370
Glucosamine was reported in the cell walls of P. parasitica and P. cinnamomi (33). 371
However, since proteins were not removed prior to cell wall analysis, it was suggested that 372 glucosamine most likely arose from proteins (33). This is further supported by our own data 373 in which no glucosamine was detected in our protein-depleted cell walls. The total amount of cellulose in type I cell walls is of about 32-35%, assuming that all 385 1,4-linked glucosyl residues quantified arose from cellulose (as specified in the Experimental 386 section, no 1,4-α-linked glucan corresponding to glycogen-like polysaccharides was detected). 387
This cellulose content is significantly higher than the 15% typically reported in other 388
Phytophthora species (7). This discrepancy is most likely due to the use of different 389 approaches for cellulose quantification. Indeed, as opposed to the approaches used by others, 390 which preferentially measure crystalline cellulose only, our analyses based on GC/MS do not 391 distinguish between crystalline and noncrystalline forms of cellulose. Since cellulose from 392
Saprolegniales is known to be poorly crystalline (16), the 15% cellulose content reported in 393 the literature is underestimated compared to our analyses. 394 395 Type II cell walls are represented by members of the Saprolegniales orders including 396 the genera Achlya, Dictyuchus, Leptolegnia and Saprolegnia. These cell walls contain less 397 than 5% GlcNAc, which was shown to correspond to α-chitin according to previous work 398 performed in S. monoica (16). A unique feature of type II cell walls is the presence of 1,3,4-399 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from linked glucosyl residues in the alkali-insoluble fraction, which is indicative of the occurrence 400 of cross-links between cellulose and 1,3-β-glucans. To our knowledge, this type of cross-links 401 has never been reported in any other organism. In addition, type II cell walls can be 402 distinguished from type I cell walls by the occurrence of a higher proportion of glucans, 403 namely cellulose, 1,6-glucans and, to a lesser extent, 1,3-glucans (~10% altogether). 404
Interestingly, since significantly lower contents of t-Glc and 1,3,6-linked glucosyl residues 405
were measured in the AIF of type II walls, it can be inferred that some glucans in these 406 fractions exhibit a higher degree of polymerization and a lower number of branches in the 6 407 position than the alkali-insoluble glucans from type I cell walls. As opposed to the reports 408 available in the literature, which merely mention and discuss glucan contents globally (30,  409 36-39), we provide here the first comprehensive quantitative analysis of fractionated 410
carbohydrates from type II cell walls, including cellulose and other glucans. 411
412
Type II and type III cell walls can be primarily distinguished based on their GlcNAc 413 content, which is 2 to 4 times higher in type III cell walls. The Aphanomyces genus is 414
representative of the latter cell wall type, as exemplified here with A. euteiches which 415 contains nearly 10% GlcNAc. Although a similar GlcNAc content has previously been 416 reported in this species (32), our work is the first to reveal the unique structural features of 417 this newly defined cell wall type. A specificity of type III cell walls is the occurrence of 418 carbohydrates that consist of 1,6-linked GlcNAc residues in both the ASF and AIF samples. 419
This unusual type of polysaccharides has never been reported in any eukaryotic micro-420 organism. It is only in extracellular biofilms produced by the bacterial genera Escherichia and 421
Staphylococcus that some 1,6-linked GlcNAc residues have been described as part of linear 422 homopolysaccharides (40, 41). The fine structure of the GlcNAc-based carbohydrates in the 423 type III cell walls remains to be determined. However, our data suggest the occurrence of both 424 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from
